INTRODUCTION
Owing to both its attractive gold color and its mechanical properties (hardness, wear resistance, friction coefficient), titanium nitride has been used in numerous technological applications such as cutting or milling tools and inserts or diffusion barrier [1]. Traditionally, these substrates have been industrially coated from an initial gas mixture composed of hydrogen, nitrogen and titanium tetrachloride. Due to the high thermal stability of these compounds, a high deposition temperature is required (800°C). Such a high temperature maintained throughout the process enhances solid state reactions between the film and the substrate, increases residual stresses due to thermal expansion mismatch between the substrate and coating and promotes grain growth in the substrate structure. In order to minimize these problems it is helpful to deposit the coatings at a lower temperature. This can be achieved by conventional thermal CVD using less stable molecules such as organometallic compounds or ammonia for the nitrogen precursor. The TiCl4-NH3-H2 mixture has been used by several authors to deposit at low temperature TiN films either for thermomechanical applications [2] [3] [4] or as diffusion barrier [5-8]. This paper is intended to optimize the deposition conditions of titanium nitride films on molybdenum substrate from a titanium tetrachloride, ammonia, nitrogen and hydrogen gas mixture. Equiaxed materials with small grain size and a high deposition rate were the criteria selected for the optimization procedure.
EXPERIMENTAL DETAILS

Film characterization
Scanning electron micrographs (SEM) were obtained on a Hitachi S520 Electron Microscope, equipped with an Energy Dispersive Spectrometer (EDS), Tracor 5500. X-ray diffraction studies were conducted using a Philips PW 1729 X-ray diffractometer with a copper anticathod.
-The grain size was estimated from X-ray diffraction analysis by the Scherrer method [9] : For grain sizes ranging from 20 to 3000 A : A value of k=0.9 is usually chosen for spherical particles with homogeneous size distribution. ~2 =~~2 -# 13 is the pure breadth of a powder reflection free of all broadening due to the experimental method employed in observing it. Bo broadening resulting from the grain size at 2 8, b other broadening factors such as apparatus factor. The influence of the experimental method (b) was estimated by the broadening of peaks of a highly crystallised titanium carbide coating deposited at high temperature and thus presenting large grain sizes.
-The preferential orientation of the deposits was determined from X-ray diffraction analysis and quantified by the following texture coefficient [9] : 
~T E
where I m is the intensity of reflection from a given set of plane {hkl}, I: , , is the intensity from the samc set of plane {hkl} for a random sample such as the powder spectrum of titanium nitride (JCPDS reference n03& 1420) and n is the number of reflections that were considered.
-The thickness of the deposits was determined by abrasion through the coating, obtained by the rotation of a 15 mm diameter stainless steel ball together with an abrasive agent (1 or 3 pm diamond). The thickness was calculated from the diameters of the ring prints measured by optical microscopy or by SEM for ring print diameter larger than 1 mm.
-The atomic compositions of the coatings were determined from electron probe microanalysis with wavelength dispersive spectroscopy (EPMA-WDS, Carnebax, at 15 kV excitation voltage using the PAP correction program) performed on metallographic preparations of cross-sections. The standards were pure and stoichiometric T i c for titanium, Fe2Olj for oxygen and NaCl for chlorine. However, due to the overlapping of the L1 titanium peak and K a nitrogen peak the nitrogen content could not be measured and was thus estimated by difference with the concentration of other elements. The partial pressure of titanium tetrachloride was imposed through a dew point evaporator and with hydrogen as carrier gas (30 sccm). In order to prevent the formation of solid particles, the titanium tetrachloride and ammonia flows were mixed inside the reactor by two concentric inlets at a p i t i o n corresponding to a gas temperature of about 573 K. Due to the low ammonia flow rate, a 30 sccm flow of nitrogen was added. The molybdenum substrates were polished using 1 ym diamond paste. The hydrogen, nitrogen and ammonia flow rates were controlled with mass-flow controllers. Before each experiment, the CVD system, loaded with the substrate, was evacuated for 8 h and purged with hydrogen for 30 min (1 slm). At the end of each experiment, heating of the crucible was stopped, and the temperature of the substrate was decreased gradually, with the hydrogen flow rate maintained until the substrate had reached room temperature.
CVD configuration and procedure
RESULTS OF THE EXPERIMENTAL DESIGN
An experimental design was worked out to determine the influence of three main factors. A complete factorial design with three factors and two levels, thus requiring 23=8 experiments, was then carried Among the numerous factors that may have significant influence on the deposition process, the temperature of the substrate, the titanium tetrachloride and ammonia partial pressures in the initial gas mixture were selected according to previous results. The variation ranges of selected factors, which are defined by the lower and higher levels of the experimental design, are summarised in Table 1 . Three responses, (thickness of deposit, grain size, texture coefficient) were studied. All the results are presented in Table 2 . The following amount of contamination elements were measured by EPMA-WDS: C = l a t % , C I = l at%,O=4at% The comparison between the depcxit thickness variation plotted as a function of the titanium tetrachloride and ammonia flow rates for the two deposition temperatures in figure 2, clearly shows that the temperature range investigated in the experimental design is not significant for this response. This suggests that, in spite of the relatively low temperature m g e of depcxition investigated, the deposition rate is already controlled by the mass transfer in the gas phase. These variations furthermore reveal the strong positive influence of the ammonia flow rate on the deposition rate. The same influence is observed for the titanium tetrachloride flow rate but to a less extent. In particular, a coupling effect betmen these two parameters is responsible for an almost complete lack of influence of the titanium tetrachloride flow rate at low ammonia flow rate. For these deposition conditions, this result is indicative of a control of the deposition mechanism by the mass transfer of ammonia towards the surface which is strongly dependent on its content in the initial gas mixture.
i Deposit thickness (pm) 3 The variation of the grain size is plotted a s a function of the titanium tetrdchloride and ammonia flow rates for the two deposition temperatures in figure 3. In the CVD process two main parameters are mainly influential on the grain six: the deposition temperature and the supersaturation of the gas phase. In our case, the grain size increases with temperature as usually observed according to the increased mobility of atoms at the surface. Due to the restricted range of temperature which was investigated, this influence is rather limited and Surthermore dependent on the composition of initial gas phase. The already mentioned control of the deposition rate by the mass transfer in the gas phase usually results in a low supersaturation of the reactant species at the interface with the substrate. Accordingly, a weak influence of the composition of the initial gas phase on the grain size is expected. At 973 K, as a general trend, the grain size is increasing wlth the NH3 content and with a decrease of the Tic14 content, but this feature is no longer obsened at 873 K. Hardness and Young's modulus were measured by a depth-sensing indentation instrument (Nano-indenter 11, Nanoinstruments). This mechanical microprobe provides a continuous load-displacement recording in an ultra-low load range of investigation. The Berkovich type indenter is a diamond tip with a three-sided pyramid shape and an apex angle of 65.3". The indentation depth ranged between 300 and 4(X) nm for a maximum load of 50 mN. Typical load and displacement resolutions were respectively 0.075 pN and 0.04 nm. Five indents were performed on polished cross-sections ( figure 4) .
Grain size
A typical indentation cycle corresponding to sample 10 is presented in figure 5 . For all the tested coatings the hardness ranged from 31 to 23 GPa. Such a value is typical of crystallized titanium nitride materials. A Young's modulus of 445 GPa was measured on sample 10 whereas lower values in the range 335 to 340 GPa were obtained on other coatings. Thcse values are also characteristic of titanium nitride, and these variations can result from varying residual porosities as observed in figure 4 . As a comparison, the hardness and Young's modulus \-alues measured on a tilanium nitride deposited by CVD at high temperature and thus presenting larger grain size, were respectively of 21 GPa and 437 GPa. 
CONCLUSION
A complete factorial design with three factors and two levels has been carried out in order to optimize the deposition conditions of titanium nitride films on molybdenum substrate. A set of deposition conditions (Tic14 = 3.0 sccm, NH3 = 3.3 sccm and T = 973 K) was determined to provide coatings that met almost all the prerequisite criteria: equiaxed materials with small grain size and a high deposition rate. In spite of the relatively low temperature range of deposition investigated, the deposition rate was controlled by the mass transfer in the gas phase, and especially by the mass transfer of ammonia towards the surface. The grain size increased with temperature, but the influence of the gas phase composition on this response was not straightforward. The hardness and Young's modulus as measured by a depth-sensing indentation instrument were typical of crystallized titanium nitride materials.
